Introduction
Ethylene (C 2 H 4 ) is a phytohormone that is produced in many plant tissues, and it is effective in minute amounts (< 1 µl/l). C 2 H 4 is involved in many metabolic processes, including fruit ripening; leaf, flower, and fruit senescence; leaf and flower abscission; regulation of stress responses; and seed germination [1] . Methionine, the earliest precursor of C 2 H 4 , is converted enzymatically to S-adenosyl methionine [3] , which then is converted enzymatically to 1-aminocyclopropane-1-carboxylic acid (ACC). The formation of ACC by ACC synthase is the rate-controlling step in the C 2 H 4 biosynthesis pathway [17] . ACC is converted rapidly to C 2 H 4 in the presence of molecular oxygen. Because ACC is an important intermediate in C 2 H 4 biosynthesis [2] , quantification of ACC has been a central component of studies in C 2 H 4 physiology. In addition, a recent study suggests that ACC may have a role in plants that is independent of ethylene, which makes the quantification of ACC more important [16] .
The most widely accepted assay for ACC requires oxidation of ACC to C 2 H 4 , which is measured by gas chromatography [11] . This indirect method has an average conversion rate of about 80%, but conversion ranges from 60% to ≥ 100% [9] . The Lizada and Yang method requires equipment to measure C 2 H 4 and has several drawbacks, including reliance on indirect measurement of ACC [5] . The conversion of ACC to C 2 H 4 can be variable and is vulnerable to interference from other C 2 H 4 -generating or -absorbing compounds such as ethanol and perchloric acid [4, 12] . A direct, rapid, and accurate method for ACC quantification would be helpful to biologists working with C 2 H 4 .
Several methods have been developed to overcome these difficulties, including gas chromatography with nitrogen/phosphorus detection [7] and capillary electrophoresis with laser-induced fluorescence detection (CE-LIF) [10] . Methods using high-performance liquid chromatography (HPLC) and gas chromatography-mass spectrometry (GC-MS), such as HPLC with UV detection [5, 9] , HPLC with MS [6] , HPLC-MS-MS [14] , HPLC with fluorescence detection [13] , and GC-MS [12, 15] , also have been developed. Although sensitive and highly specific, methods that require HPLC and GC-MS require expensive equipment not available in many laboratories. Sample run times can exceed 8 min for HPLC-UV [9] , HPLC with fluorescence detection [13] , GC with a nitrogen/phosphorus detector [7] , and CE-LIF [10] . In addition, many methods involve 14 C as a radioactive tracer [7, 8, 11] , which can be hazardous.
Our overall objective was to develop a method for quantifying ACC by using gas chromatography with flame-ionization detection (GC-FID). A FID is one of the more common and inexpensive GC detectors, and we know of no reports of an assay for direct measurement of ACC by GC-FID. Our specific objectives were to develop a method for direct measurement of ACC that does not rely on a radioactive tracer, an internal standard, nor expensive laboratory equipment, and to reduce the sample run time and quantify the least detectable quantity of ACC.
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Aminocyclopropane-1-carboxylic acid was quantified by using an EZ:faast™ gas chromatography mass-spectrometry free amino acid analysis kit, was identified using gas chromatography mass-spectrometry, and was confirmed with authentic 1-aminocyclopropane-1-carboxylic acid. Additional benefits include a short run time of less than six minutes and the absence of a potentially hazardous tracer, such as 14 C. We show that this method is effective for accurate, direct measurement of 1-aminocyclopropane-1-carboxylic acid from a variety of both reproductive and vegetative plant tissues.
Ethylene is a phytohormone that is produced in many plant tissues, and it is effective in minute amounts (< 1 µl/l). Ethylene is involved in many metabolic processes, including fruit ripening; leaf, flower, and fruit senescence; leaf and flower abscission; regulation of stress responses; and seed germination [1] . Methionine, the earliest precursor of ethylene (C 2 H 4 ), is converted enzymatically to S-adenosyl methionine [3] , which then is converted enzymatically to 1-aminocyclopropane-1-carboxylic acid (ACC). The formation of ACC by ACC synthase is the rate-controlling step in the C 2 H 4 biosynthesis pathway [19] . ACC is converted rapidly to C 2 H 4 in the presence of molecular oxygen. Because ACC is an important intermediate in C 2 H 4 biosynthesis [2] , quantification of ACC has been a central component of studies in C 2 H 4 physiology. In addition, a recent study suggests that ACC may have a role in plants that is independent of ethylene, which makes the quantification of ACC more important [18] .
The most widely accepted assay for ACC requires oxidation of ACC to C 2 H 4 , which then is measured by gas chromatography [12] . This indirect method has an average conversion rate of about 80%, but conversion ranges from 60% to ≥ 100% [10] . The Lizada and Yang method requires equipment to measure C 2 H 4 and has several drawbacks, including reliance on indirect measurement of ACC [5] . The conversion of ACC to C 2 H 4 , can be variable and is vulnerable to interference from other C 2 H 4 -generating or -absorbing compounds such as ethanol and perchloric acid [4, 13] . A direct, rapid, and accurate method for ACC quantification would be helpful to biologists working with C 2 H 4 .
Several methods have been developed to overcome these difficulties, including gas chromatography with nitrogen/phosphorus detection [8] capillary electrophoresis with laserinduced fluorescence detection (CE-LIF) [11] . Methods using HPLC and GC-MS, such as HPLC with UV detection [5, 10] , HPLC with MS [6] , HPLC-MS-MS [16] , HPLC with fluorescence detection [15] , and GC-MS [13, 17] , also have been developed. Although sensitive and highly specific, methods that require HPLC and GC-MS require expensive equipment not available in many laboratories. Sample run times can exceed 8 min for HPLC-UV [10] , HPLC with fluorescence detection [15] , GC with a nitrogen/phosphorus detector [8] , and CE-LIF [11] . In addition, many methods involve 14 C as a radioactive tracer [8, 9, 12] , which can be hazardous.
Materials and Methods

Chemicals
1-Aminocyclopropane-1-carboxylic acid was purchased from Sigma (Allentown, PA). All reagents used were HPLC grade unless otherwise noted. Methanol, chloroform, and iso-propanol were obtained from Sigma (Milwaukee, WI). An EZ:faast™ kit for amino acid analysis was purchased from Phenomenex ® (Torrance, CA).
Plant material
Ethylene production and ACC content were analyzed in tissues from fruits, leaves, 
ACC extraction
Frozen tissue was ground to a fine powder in liquid N 2 , and ACC was extracted with three successive 1.7-ml aliquots of a methanol:chloroform:water mixture (5:12:3 v/v/v).
After adding 1.5 ml of water and 1 ml of chloroform to the 5-ml extract, the sample was agitated on a vortex mixer and allowed to phase-separate on ice for 
Extraction efficiency
A standard curve from several concentrations of norvaline, a synthetic amino acid, was used to calculate extraction efficiency of ACC. Four 200-µl solutions using 0.2-mM norvaline diluted with iso-propanol were used to generate a dilution series of 25, 30, 35, and 40 nmol norvaline. Three samples of seeds of impatiens were extracted according to the method described above. After the tissue was ground in liquid N 2 and 1.7 ml of the methanol:chloroform:water mixture was added, 125 µl of norvaline was added to each sample. The remainder of the extraction procedure was done as described previously. The samples were analyzed for norvaline by using GC-FID, using the same methods and conditions for ACC quantification as described previously. Using the standard curve for norvaline, we calculated the amount of norvaline in each sample of impatiens. Extraction efficiency was the percentage of calculated norvaline in the sample of impatiens compared with the expected value from the standard curve.
Data analysis
Data for all experiments were analyzed using the regression-procedure option of Statistical Analysis Software (SAS Institute Inc., 1998). Analysis of variance was performed to assess how nanomoles of ACC influenced peak area. Regression analysis was used to test linear effects of nanomoles of ACC on peak area.
Results
We developed a method for quantification of ACC that uses the same instrument used for quantification of C 2 H 4 , a GC-FID. Our sample run time was 6 min, the ACC peak was present at about 3.75 min, and no peaks were present after 6 min (Fig. 1A) . Quantification of ACC was conducted by use of a standard curve that ranged from 6 to 45 nmol of ACC (Fig.   2 ). The plot of peak area (relative area units) as a function of ACC content (nmol) yielded a correlation coefficient (r 2 ) of 0.97, a slope of the regression line of 0.23, and an intercept of -1.75 (Fig. 2) . Injection of an ACC solution with a concentration of < 100 pmol did not yield a readable peak, and an injection of an ACC solution at > 1 x 10 7 nmol yielded a saturated peak that was unreadable. Thus, the usable range for this analysis is about 0.1 nmol to about Complete baseline separation of ACC from its common ACC conjugate, malonyl-ACC, was achieved (Fig. 1B ). An extract of seeds of impatiens was derivatized by using the EZ-faast™ kit, analyzed by GC-MS, and the ACC peak occurred at about 3.7 min (Fig. 1A) .
According to the derivatization protocol in the EZ-faast™ kit, 42 and 86 m/z would be added to the carboxylic acid and amino ends, respectively (Fig. 1B) . A mass spectrum of the peak identified as ACC (m/z 100) was increased by 42 (i) or 86 (ii) m/z due to derivatization ( m/z due to derivatization, and none of these three peaks was detected (Fig. 1B) .
To assess the utility of this method on economically important crops, several tissue types were analyzed for C 2 H 4 production and ACC content (Table 1) . Climacteric fruits (apple, tomato) produced C 2 H 4 and contained ACC (Table 1) . Nonclimacteric fruits (grape, cucumber, broccoli florets) produced no detectable or little C 2 H 4 , but they contained ACC (Table 1) . Spinach leaves produced no detectable C 2 H 4 , but they contained ACC. Ethylene was not detected in seeds of impatiens that were held in the previously described conditions conducive to germination, although ACC was present. Floral tissues (geranium petals, gerbera ray florets) produced little C 2 H 4 , and neither contained detectable ACC. In addition, six stages of tomato ripening were analyzed for C 2 H 4 production and ACC content (Fig. 3) .
Ethylene production increased during ripening, peaked during stage 4 (pink stage), and then decreased. 1-Aminocyclopropane-1-carboxylic acid content remained relatively constant throughout ripening (Fig. 3) .
Discussion
Our method provides a new way to quantify ACC, after derivatization, by direct measurement on a GC-FID, the same instrument used to analyze for C 2 H 4 . This method overcomes the primary limitation to the method of , which is the reliance on an indirect measurement of ACC. Our method also has a short run time of < 6 min. Other methods for direct measurement of ACC [8, 10, 11, 15] have run times of approximately 8 min [11] to more than 20 min [15] . Our short run time allows for 50 to 100% more samples to be processed per unit of time. Moreover, our method does not require expensive or uncommon equipment. We showed that the performance of GC-FID using an ACC derivative is similar to that of analysis by costly and often-unavailable GC-MS (Fig. 1 ).
Another benefit of our method is that it does not require the potentially hazardous 14 C tracer involved in other protocols [8, 9, 12] . Our use of pure ACC to construct a standardized curve (Fig. 2) eliminated the need for an internal standard. Furthermore, a standardized curve constructed with seed extracts of impatiens with the addition of norvaline, a synthetic amino acid, demonstrated that the efficiency of the extraction was at least 90%. This extraction efficiency compares favorably with the method of Lizada and Yang, in which conversion of C 2 H 4 of ACC averaged 80%, but ranged from 60% to over 100% [10] .
We have documented the efficacy of this direct method of ACC quantification after derivatization for use with both vegetative and reproductive structures (Table 1) . Our results
show that fruits of tomato and apple, which are classic examples of C 2 H 4 -producing tissues, had abundant amounts of C 2 H 4 and its precursor, ACC. Conversely, tissues such as geranium petals and gerbera ray florets contained little C 2 H 4 and no detectable ACC. We were interested to find that several vegetative and reproductive tissue types produced low to nondetectable C 2 H 4 , but contained at least 600 nmol g -1 ACC, similar to findings by Clark et al. (1997) and Mencarelli et al. (1995) . The functions of ACC in these tissues remain to be determined. Furthermore, results from tomatoes at the six stages of ripening showed, varying rates of C 2 H 4 production, but greater-than-expected ACC that was relatively constant during ripening (Fig. 3) .
A requirement for determination of ACC is that liquid samples used for this method should be prepared within the range of 1 nmol to < 1 x 10 7 nmol of ACC to ensure accurate quantification. For example, analysis of broccoli florets and tomato berries proved to be more difficult than that of other tissues because of a greater content of ACC, and because of the existence of unidentified compounds that had retention times near that of the ACC peak.
To circumvent these challenges, we made dilutions of the samples until they were within the acceptable range of ACC concentration.
Practical implementation of this method should be straightforward for many laboratories equipped for C 2 H 4 analysis. Two ports and two columns must be installed into a gas chromatograph, with one port set for FID for analysis of C 2 H 4 , and the second port set for injection of liquid samples containing ACC derivatized with the EZ-faast™ GC-MS free amino acid analysis kit. Based on our results, we suggest that run times for analysis of ACC with this instrumentation could be reduced to 6 min because ACC was detected at about 3.75 min, and no additional peaks were detected after 6 min (Fig. 1B) . 
CHAPTER 3. GENERAL CONCLUSIONS
Our method provides a new way to quantify ACC, after derivatization, by direct measurement on a GC-FID, the same instrument used to quantify C 2 H 4 . This method overcomes the primary limitation to the method of , which is the reliance on an indirect measurement of ACC. Our method also has a short run time of < 6 min. Other methods for direct measurement of ACC [1, 3, 4, 6] have run times of approximately 8 min [4] to more than 20 min [6] . Our short run time allows for 50 to 100% more samples to be processed per unit of time. Moreover, our method does not require expensive or uncommon equipment. We showed that the performance of GC-FID using an ACC derivative is similar to that of analysis by costly and often-unavailable GC-MS (Fig. 1 ).
Another benefit of our method is that it does not require the potentially hazardous 14 C tracer involved in other protocols [1, 2, 5] . Our use of pure ACC to construct a standardized curve (Fig. 2) eliminated the need for an internal standard. Furthermore, a standardized curve constructed with seed extracts of impatiens with the addition of norvaline, a synthetic amino acid, demonstrated that the efficiency of the extraction was at least 90%. This extraction efficiency compares favorably with the method of Lizada and Yang, in which conversion of C 2 H 4 of ACC averaged 80%, but ranged from 60% to over 100% [3] .
show that fruits of tomato and apple, which are classic examples of C 2 H 4 -producing tissues, had abundant amounts of C 2 H 4 and its precursor, ACC. Conversely, tissues such as geranium petals and gerbera ray florets contained little C 2 H 4 and no detectable ACC. We were interested to find that several vegetative and reproductive tissue types produced low to nondetectable C 2 H 4 , but contained at least 600 nmol g -1 ACC, similar to findings by Clark et al. (1995) and Mencarelli et al. (1997) . The functions of ACC in these tissues remain to be determined. Furthermore, results from tomatoes at the six stages of ripening showed varying rates of C 2 H 4 production, and greater-than-expected ACC that was relatively constant during ripening (Fig. 3) .
A requirement for determination of ACC is that liquid samples used for this method should be prepared within the range of 1 nmol to < 1 x 10 7 nmol of ACC to ensure accurate quantification. For example, analysis of broccoli florets and tomato berries proved to be more difficult than that of other tissues because of a greater content of ACC, and because of the existence of unidentified compounds that had retention times near that of the ACC peak. To circumvent these challenges, we made dilutions of the samples until they were within the acceptable range of ACC concentration.
Practical implementation of this method should be straightforward for many laboratories equipped for C 2 H 4 analysis. Two ports and two columns must be installed into a gas chromatograph, with one port set for FID for analysis of C 2 H 4 , and the second port set for injection of liquid samples containing ACC derivatized with the EZ-faast™ GC-MS free amino acid analysis kit. Based on our results, we suggest that run times for analysis of ACC with this instrumentation could be reduced to 6 min because ACC was detected at about 3.75 min, and no additional peaks were detected after 6 min (Fig. 1B) .
plant varieties have low germination rates. To achieve 100% stand establishment, low-oxygen environments have proven beneficial, specifically by suppressing radicle growth to control radicle length for use in mechanical transplanting. However, if the O 2 concentrations are too low (< 0.5% O 2 ), or if seeds are exposed for too long (> 72 hours), severe irreversible abnormalities of the seedlings can occur. Future research may include using this method to determine 1-aminocyclopropane-1-carboxylic acid (ACC) content within germinating impatiens seeds. This will help to determine if the cause of abnormal seedling formation in Impatiens wallerana Hook. F. 'Super Elfin White' is due to the accumulation of ACC in the tissues during low-oxygen treatments.
